Giardiasis is one of the most common causes of diarrheal disease worldwide. Treatment is primarily with 5-nitro antimicrobials, particularly metronidazole. Resistance to metronidazole has been described, and treatment failures can occur in up to 20% of cases, making development of alternative antigiardials an important goal. To this end, we have screened a chemical library of 746 approved human drugs and 164 additional bioactive compounds for activity against Giardia lamblia. We identified 56 compounds that caused significant inhibition of G. lamblia growth and attachment. Of these, 15 were previously reported to have antigiardial activity, 20 were bioactive but not approved for human use, and 21 were drugs approved for human use for other indications. One notable compound of the last group was the antirheumatic drug auranofin. Further testing revealed that auranofin was active in the low (4 to 6)-micromolar range against a range of divergent G. lamblia isolates representing both humanpathogenic assemblages A and B. Most importantly, auranofin was active against multiple metronidazole-resistant strains. Mechanistically, auranofin blocked the activity of giardial thioredoxin oxidoreductase, a critical enzyme involved in maintaining normal protein function and combating oxidative damage, suggesting that this inhibition contributes to the antigiardial activity. Furthermore, auranofin was efficacious in vivo, as it eradicated infection with different G. lamblia isolates in different rodent models. These results indicate that the approved human drug auranofin could be developed as a novel agent in the armamentarium of antigiardial drugs, particularly against metronidazole-resistant strains.
G iardiasis is one of the most common human parasitic infections of the intestinal tract worldwide, affecting hundreds of millions of people, mostly in developing countries. It has been included in the Neglected Diseases Initiative of the WHO (1) . Giardia exists in two forms, the infectious cyst and the diseasecausing trophozoite that colonizes the small intestinal lumen. Cysts are spread through drinking water, food, and person-toperson contact. The clinical symptoms of giardiasis include diarrhea, abdominal pain, malabsorption, and weight loss. A recent cohort study following a major giardiasis outbreak in Norway showed that infection with Giardia lamblia was associated with a high prevalence of irritable bowel syndrome and chronic fatigue 3 years after acute illness (2) , highlighting the major health impact of giardiasis even in areas where it is not endemic. Treatment of giardiasis relies on antimicrobial drug therapy, most commonly with 5-nitroheterocyclic drugs, particularly metronidazole and, more recently, nitazoxanide (3). However, cross-resistance among 5-nitro antimicrobials exists, and treatment failures occur in up to 20% of cases (4) (5) (6) . Alternative antimicrobials exist, but these are generally less effective than 5-nitro drugs (3, 7) .
One important strategy in the development of new antimicrobials is the screening of existing compound libraries for activities against particular target microbes. This strategy was successfully applied to several protozoan parasites, including G. lamblia and the enteric parasite Entamoeba histolytica (8) (9) (10) . In particular, screening libraries of FDA-approved compounds has the obvious advantage that extensive preclinical testing is not required, thus accelerating the progression to clinical efficacy trials. In the current study, we have applied this strategy to a novel compound library with close to 750 approved human drugs to identify alternative antigiardial agents with promising new in vitro and in vivo activities. We show here that one of these compounds is the antirheumatic drug auranofin, indicating that this compound has great potential as a novel agent in the armamentarium of antigiardial drugs.
MATERIALS AND METHODS
Materials. The chemical library screened in these studies was donated by Iconix Biosciences, Inc. (Foster City, CA), and consisted of 1,083 known bioactive compounds. Only 910 of these compounds were soluble at 20 mM in dimethyl sulfoxide (DMSO) and were subsequently used for activity screens. Of the 910 compounds, 603 are FDA-approved drugs (comprising about 40% of all ϳ1,500 currently FDA-approved drugs), 143 are approved as human drugs in other countries (primarily Japan and different European nations), and 164 are bioactive but not approved human drugs. Thus, 746 compounds (or 82% of all tested compounds) are drugs approved for human use. Of the nonapproved compounds, 12 are generally recognized as safe (GRAS) natural products or food additives, and an additional 14 are veterinary drugs that are approved in different countries, while the remaining compounds are not approved for use in humans or animals. Information on indications and usage for FDA-approved drugs was obtained from the FDA website (Drugs@FDA [http://www.accessdata .fda.gov]). Auranofin was purchased from Enzo and dissolved in ethanol at 4 mg/ml, metronidazole was dissolved in DMSO, and diphenylenei-odonium chloride was purchased from Sigma and dissolved in DMSO at 10 mg/ml. G. lamblia isolates and culture. The following G. lamblia assemblage A isolates were used: WB (ATCC 50803); BRIS/83/HEPU/106 (106) (11), BRIS/83/HEPU/713 (713) (12) , and their respective isogenic metronidazole-resistant lines, 713-M3 and 106-2ID 10 (11, 12) ; C17-resistant cell line 106-17A, a derivative of 106 that had acquired metronidazole resistance after chronic in vitro exposure to the 5-nitroimidazole (5-NI) compound C17 (13) ; and WB-M1 and WB-M2, both of which are metronidazoleresistant lines generated in vitro from WB (4) . In addition, the following assemblage B isolates of G. lamblia were employed: BRIS/91/HEPU/1279 (1279) (14) and 1279-M1, a metronidazole-resistant line of 1279 that was newly generated in the laboratory for these studies following the general strategies we used before for WB-M1 and WB-M2 (4).
All cell lines were grown in TYI-S-33 medium supplemented with 10% bovine calf serum and 1 mg/ml bovine bile (Giardia growth medium) under anaerobic conditions (AnaeroPack system; Remel). The metronidazole-resistant lines were routinely maintained in 50 M metronidazole but were grown without the drug for 2 to 3 days before experiments.
Drug susceptibility assays and screening. The chemical library was screened in 48-h growth assays in 96-well plates with automated image analysis for detection of attached cells as described before (9) . Compounds were tested at 10 M in the screens, and those that inhibited growth or attachment by Ͼ80% were considered active. Follow-up tests for individual compounds were done with a similar 48-h growth assay but with ATP determination as the readout for cell growth and survival (15) . The 50% effective concentration (EC 50 ), i.e., the drug concentration that inhibits G. lamblia growth by 50% compared to that of parallel cultures without drugs added, was determined by graphic extrapolation of the concentration-response curves using a nonlinear regression analysis of the dose-response curves (GraphPad Prism). Antigiardial potency is expressed as pEC 50 , i.e., the negative log 10 value of the EC 50 .
Animal models of G. lamblia infection. Adult C57BL/6 mice were obtained from The Jackson Laboratory and bred at UCSD. For infection of suckling mice (5 to 7 days old), G. lamblia trophozoites were grown to mid-logarithmic phase and administered by oral gavage at 10 7 /mouse in a 50-l volume in Giardia growth medium. After 2 days, mice were treated with auranofin by oral gavage once daily for 5 days. For trophozoite enumeration, the entire small intestine was removed, opened longitudinally, placed into 2 to 5 ml phosphate-buffered saline (PBS), and cooled on ice for 10 min. Live trophozoites were counted in a hemocytometer. Adult (10-week-old) Mongolian gerbils (Meriones unguiculatus) were obtained from Charles River Laboratories. Gerbils were fasted for 3 h and inoculated with 10 7 trophozoites in 200 l of Giardia growth medium, and drug administrations and trophozoite enumerations were performed as described for mice. For assessment of drug toxicity in vivo, adult C57BL/6 mice were given five daily doses of 10 mg/kg auranofin. Small intestine, colon, liver, spleen, and kidneys were collected and fixed, and paraffin sections were prepared and stained with hematoxylin and eosin. Determinations of plasma levels of alkaline phosphatase, alanine aminotransferase (ALT), aspartate transaminase (AST), albumin, and bilirubin were performed by standard methods in the UCSD Murine Hematology and Coagulation Core Laboratory. All animal studies were reviewed and approved by the UCSD Institutional Animal Care and Use Committee.
Morphological Giardia studies. To evaluate drug impact on trophozoite morphology, WB was plated overnight on glass-bottom plates (no. 1.5 cover glass; MatTek) and exposed to different concentrations of the test compounds for 3 h at 37°C. To minimize exposure to environmental oxygen in these short-term experiments, the cultures were placed into an anaerobic jar in which air was rapidly exchanged to 100% nitrogen by three 30-s cycles of gas removal and refilling with pure nitrogen. After incubation, live trophozoites were imaged by differential interference contrast microscopy (Perkin-Elmer UltraView Vox spinning-disk confocal microscope with a Hamamatsu EMCCD 1 k by 1 k camera) at ϫ 60 magnification and 1-to 5-ms exposures.
Enzyme assays. Recombinant Giardia thioredoxin reductase (Gl-TrxR) (XP_001707168) was amplified from DNA of G. lamblia 106, purified, cloned, and expressed in arabinose-inducible Escherichia coli BL21-AI as described previously (16) . TrxR activity was assayed in 100 mM potassium phosphate buffer (pH 6.25) containing 150 nM GlTrxR and 200 M NADPH by following the reduction of 1 mM 5,5=-dithiobis(2-nitrobenzoate) (DTNB) at ϭ 412 nm (⌬ε ϭ 13.6 mM Ϫ1 cm Ϫ1 ) (16) . Half-maximal inhibitory concentrations (IC 50 s) for GlTrxR activity were calculated using Grafit 7 software (Erithacus Software).
Statistical analysis. Trophozoite counts from infected animals were log 10 transformed, and means and standard deviations (SD) were calculated from the log values. Samples without detectable trophozoites were assigned a log value equivalent to half of the detection limit of the assay (10 3 trophozoites/intestine). Differences between groups were compared by Wilcoxon rank sum test, with a P value of Ͻ0.05 considered significant.
RESULTS

Screening of chemical library against Giardia.
The chemical library tested in these studies contained 910 bioactive compounds, consisting mostly (82% of compounds) of approved human drugs and a smaller set of other bioactive molecules. This library had been used successfully for another parasite (8) , which prompted us to evaluate it independently for activity against Giardia. Testing against G. lamblia strain WB by 48-h culture and image analysis of surviving cells revealed 56 compounds that caused significant inhibition of G. lamblia growth and attachment when tested at 10 M. Of these, 15 had previously been reported to have antigiardial activity, including albendazole, furazolidone, tinidazole, genistein, and puromycin (Table 1) , confirming the efficacy of our screen. Furthermore, 20 compounds are not drugs approved by the FDA or other national agencies for human use (Table 1) . For example, cycloheximide is a general protein synthesis inhibitor, and thimerosal is a chemical preservative. Neither the compounds with known antigiardial activity nor the compounds not approved for human use were further pursued in these studies.
The remaining 21 compounds approved for human use with antigiardial activity in the initial screens could be divided into four functional groups (Table 2 ): (i) antineoplastic agents (n ϭ 5), (ii) adrenergic antagonists (n ϭ 4), (iii) antimicrobials (n ϭ 7), and (iv) compounds with miscellaneous activities and indications (n ϭ 5). Retesting of representative compounds of groups 1 and 2 confirmed their activity against Giardia, with the exception of imatinib ( Fig. 1 ). Because antineoplastic agents (group 1) can have serious side effects, these compounds will probably not be developed for treating giardiasis. The antigiardial activity of different adrenergic antagonists (group 2) extends a prior report of such activity for the ␤-adrenergic antagonist propranolol (17), but the ultimate utility of these agents in the treatment of giardiasis is also questionable due to their intended effects in the cardiovascular system and/or central nervous system. The known antimicrobials (group 3) were not further evaluated in this study. Of the remaining miscellaneous compounds (group 4), several have endocrine and hormonal effects (e.g., cisapride and clomiphene), also compromising their possible use for giardiasis treatment. However, of particular interest in this group was auranofin, which has been used for over 25 years in the treatment of rheumatoid arthritis and has more recently been shown to be active against several other parasites and bacteria (10, 18, 19) . Therefore, we decided to explore in detail the activity of auranofin against Giardia.
Antigiardial activity of auranofin in vitro. Auranofin inhib-ited growth and survival of several different G. lamblia isolates, belonging to both assemblages A and B, with half-maximal effective concentrations (EC 50 s) of 4 to 6 M when tested in a 48-h assay ( Fig. 2A ). This activity falls within the low-micromolar range of plasma auranofin levels after standard doses in humans (20) , suggesting that this drug may be therapeutic against giardiasis in vivo, particularly since the drug is given orally and giardial infection is limited to the small intestinal lumen. Importantly, auranofin was able to overcome resistance to the most commonly used antigiardial drug, metronidazole. Thus, the EC 50 for auranofin was not significantly different between metronidazole-sensitive parental Giardia isolates and several of their metronidazole-resistant isogenic derivative lines, whereas the EC 50 for metronidazole was 8-to 40-fold higher in the resistant lines than in the parental lines (Fig. 2B ). The drug-resistant lines represent a spectrum of different resistance mechanisms (15) and were independently derived from geographically diverse G. lamblia isolates, comprising both assemblage A isolates (WB, 713, and 106) and a newly generated metronidazoleresistant line of the assemblage B isolate 1279. These in vitro studies indicate that auranofin is broadly active against diverse G. lamblia isolates and completely overrides resistance to the most widely used antigiardial drug, metronidazole. Auranofin inhibits TrxR in G. lamblia. Auranofin inactivates the flavoenzyme thioredoxin-glutathione reductase in several parasites, including Schistosoma mansoni and Haemonchus contortus, which has been proposed to account for the antimicrobial activity of auranofin (18, 21) . Giardia possesses a thioredoxin oxidoreductase (TrxR) with marked homology to the enzyme in other microbes (16) . We therefore tested whether auranofin can inhibit this enzyme in Giardia. Purified recombinant Giardia TrxR was incubated with increasing concentrations of auranofin and the substrate DTNB, which changes color upon enzymatic reduction by TrxR. Auranofin inhibited TrxR activity with an IC 50 of 152 Ϯ 12 nM (Fig. 3A) . For comparison, this activity is ϳ100-fold more potent than the inhibitory activity of auranofin for human thioredoxin reductase (IC 50 of 18 M) (22) but 15-fold less potent than in the helminth S. mansoni (IC 50 of 10 nM) (18) . These data indicate that auranofin is an effective inhibitor of Giardia TrxR.
To determine whether TrxR inhibition by auranofin may account for its antigiardial effects, we tested a broad-spectrum flavoenzyme inhibitor, diphenyleneiodonium (DPI) (23) . Giardia TrxR was effectively inhibited by DPI with an IC 50 of 1.3 Ϯ 0.2 M (Fig. 3A) . Furthermore, DPI had marked antigiardial activity, with IC 50 s similar to those of auranofin and metronidazole (Fig. 3B) . Morphological analysis of cell death caused by the three agents auranofin, DPI, and metronidazole showed similarities between DPI and auranofin but not metronidazole. Thus, we observed by spinning-disk phase-contrast microscopy that auranofin-treated cells had an irregular shape with numerous blebs extending from the cell membrane ( Fig. 3C ) and modest slowing of flagellar beating. Similarly, DPI-treated cells displayed irregular membrane structures and blebbing (Fig. 3C) , as well as flagellar slowing. In contrast, cells treated with metronidazole showed a different phe- notype, with little apparent change in overall cell morphology but almost complete absence of flagellar movement (Fig. 3C) . Thus, both auranofin and the flavoenzyme enzyme inhibitor DPI inhibit Giardia TrxR and cause similar morphological forms of cell death, while metronidazole leads to a different cell death morphology. Together with the observation that auranofin overcomes metronidazole resistance ( Fig. 2A) , these data indicate that auranofin and DPI appear to have similar mechanisms of antimicrobial action in Giardia, while metronidazole acts by a different mechanism. These findings suggest that inhibition of TrxR may be responsible, at least in part, for the antigiardial activity of auranofin.
In vivo activity of auranofin against giardiasis. As an important next preclinical step in assessing the potential of auranofin for treating giardiasis in humans, we evaluated its activity in rodent models of giardiasis. Newborn mice (5 to 7 days old) were infected orally with 10 7 trophozoites of two assemblage A isolates, 106 and WB, or the assemblage B isolate 1279, and infectious load was assessed by enumerating live trophozoites in the small intestine. Initial time course studies showed that trophozoite numbers declined rapidly to ϳ10 4 in the first 16 h after inoculation but then recovered after 1 to 2 days to reach steady-state levels of 10 6 to 10 7 (Fig. 4A) for the next 5 to 7 days, indicating that the parasites were actively proliferating at that time. Consequently, to assess drug efficacy in an established infection, we started auranofin treatment after 2 days and continued once daily for 5 days. Auranofin was highly effective against G. lamblia WB and 106 and slightly less so against G. lamblia 1279 at a dose of 5 mg/kg (Fig. 4A ). By comparison, at a lower dose of 1 mg/kg, auranofin treatment resulted in only a modest 2-fold decrease in trophozoite numbers for the 106 isolate (Fig. 4A ). Furthermore, adult mice infected with another assemblage B isolate, GS/M, were also effectively treated with auranofin ( Fig. 4B ). To extend these findings to another host species, we infected adult gerbils with WB trophozoites and, beginning on day 7, treated them daily for 5 days with 5 mg/kg auranofin. Treatment significantly decreased trophozoite numbers by ϳ25-fold (Fig. 4C) . These results demonstrate that auranofin is efficacious against infection with a range of G. lamblia isolates in different rodent models. None of the rodents treated with auranofin showed adverse effects, as determined by body weight or general appearance. Furthermore, adult mice treated with five daily doses of 10 mg/kg auranofin showed no significant abnormalities upon histological analysis of liver, kidneys, spleen, or intestinal tract or when analyzed for plasma levels of liver enzymes (alkaline phosphatase, AST, and ALT), albumin, or bilirubin, suggesting that auranofin was safe at an effective dose.
DISCUSSION
These studies have utilized a chemical library screening strategy to identify the gold-containing antirheumatic drug auranofin (brand name, Ridaura) as a promising new agent for the treatment of giardiasis. Gold preparations have been used since ancient times for various ailments, but their controlled use for specific diseases began only in the first few decades of the 20th century. Injectable gold compounds were found to be active against arthritic diseases starting in the 1930s, while the oral formulation, auranofin, was developed much later and shown to be effective in rheumatoid arthritis in the 1970s (24) . Approved by the FDA in 1985, auranofin has been used in the treatment of rheumatoid arthritis, especially in patients who have failed other therapies, as well as for pemphigus and psoriatic arthritis (25) . Its use has declined in recent years due to improved efficacy of newer antirheumatics and the significant adverse effects of auranofin during long-term treatment. In particular, diarrhea and other gastrointestinal adverse effects are fairly common, although rarely lifethreatening, after standard doses of oral auranofin over months (25) . However, an antimicrobial course would be much shorter than the long-term treatment of rheumatoid arthritis, and therefore side effects may be mitigated. Now off patent, auranofin is relatively inexpensive, but it is currently rarely employed for arthritic indications. However, it has gained new interest with the recent discoveries that it has significant antiparasitic activity against S. mansoni (18) , Trypanosoma brucei (26) , E. histolytica (10) , and now Giardia, as shown here. Because the pharmacokinetics and toxicology of this FDA-approved compound are well understood (25) , these new potential indications could be rapidly evaluated in clinical trials. Our observations that it is active in vitro against diverse Giardia strains at low-micromolar concentrations, which are within the range of the plasma levels after standard oral doses (25) , and efficacious in two animal models of giardiasis suggest that auranofin has great potential to be a valuable addition to the existing repertoire of antigiardial drugs.
Auranofin inhibited the activity of G. lamblia TrxR at submicromolar concentrations in vitro. This enzyme maintains the dithiol-containing small redox protein thioredoxin in a reduced state. Because Giardia lacks the glutathione found in most other eukaryotic cells, thioredoxin is the major cellular redox control system that keeps protein thiols in their normally reduced state in the parasite, which keeps key proteins functionally active. In addition, thioredoxin is important for combating oxidative stress that can result from exposure of trophozoites to oxygen in the FIG 4 In vivo efficacy of auranofin in rodent models of giardiasis. Suckling mice (5 to 7 days old), adult mice, or adult gerbils were infected with the indicated G. lamblia isolates. After 2 days (mice) or 7 days (gerbils), animals were given one daily dose of auranofin (AF) for 5 days or were given solvent alone (2.5 to 25% ethanol in PBS) as a control. Afterwards, live trophozoites in the small intestine were enumerated. Data are mean ϩ SD for 3 to 6 mice or 4 gerbils per group; P Ͻ 0.05 by rank sum test versus PBS-treated controls. The dashed horizontal line represents the detection limit of the assay. small intestinal lumen (27) . The importance of TrxR/thioredoxindependent detoxification is enhanced by the absence in Giardia of conventional enzymes, such as superoxide dismutase, catalase, and peroxidase, that detoxify reactive oxygen species in most other organisms (27) . Blockade of these critical TrxR actions by auranofin would predictably be detrimental to Giardia trophozoite survival, similar to what has been shown for Schistosoma (18, 28) and proposed for Entamoeba (10) . Our functional and morphological data with DPI, an inhibitor of flavin-dependent redox processes including TrxR/thioredoxin (23) , support this notion. However, despite the compelling case for a role of TrxR in mediating auranofin actions in Giardia, definitive proof for such a role is currently lacking and may be difficult to establish. Knockdown of TrxR has not been reported in Giardia, and might be hard to achieve given the relatively high abundance of the protein (16) . Furthermore, if TrxR has the postulated critical cell functions, stable knockdown would not be compatible with survival, precluding evaluation of auranofin in cells lacking TrxR. Indirect evidence that TrxR activity is inhibited in auranofin-treated live cells could confirm our in vitro observation, but we have so far not been able to establish a suitable functional assay in Giardia. Even if such data could be obtained, they would not address the question whether TrxR is the only relevant target for auranofin. Nonetheless, taken together, our results suggest that TrxR inhibition is likely to contribute to the antigiardial activity of auranofin.
Auranofin was equally active against divergent Giardia strains with different forms of resistance against the most commonly used antigiardial drug, metronidazole, suggesting that auranofin could be a treatment alternative if patients fail standard metronidazole therapy (5) . This alternative would be a particularly valuable therapeutic option, because metronidazole-resistant Giardia exhibits cross-resistance with all other clinically used 5-nitro antimicrobials (4). Moreover, the ability of auranofin to override metronidazole resistance suggests that this drug has a mechanism of action different from that of metronidazole. Interestingly, attenuated flavin metabolism, which is required for TrxR activity, has been implicated as one pathway of metronidazole resistance, yet TrxR expression was not decreased under these conditions (16) . If TrxR is the key target of auranofin, this finding could explain why auranofin activity is not compromised by metronidazole resistance in this situation. It also underlines that TrxR may be a promising target for future development of drugs against giardiasis.
The strategy of screening existing drugs for potential new activities, as done here and in other studies (10, 29, 30) , can accelerate the process of advancing drugs from preclinical testing to clinical trials and ultimate clinical use. Furthermore, this strategy is cost-effective if the screened libraries consist of approved human drugs, as it can minimize the considerable costs and uncertainties of preclinical safety testing. Reducing development times and costs is always important in the development of any new drug, but this is especially so for new drugs against "neglected" diseases such as giardiasis (1). This drug-recycling strategy is not a panacea to address all needs for the development of new drugs against infectious diseases, yet it provides a welcome respite in the battle against pathogens and their tenacious tendency to adapt to existing antimicrobials by developing drug resistance. In the case of giardiasis, what is needed next is a clinical trial to validate the clinical efficacy of auranofin and determine the minimal course of treatment. The optimal treatment dose would also have to be es-tablished, particularly given the slight difference in efficacy we observed at the same dose between mice and gerbils, but the starting point would presumably be the auranofin doses that have proven efficacious in rheumatoid arthritis (25) .
